of Poly(norbornene-alt-malefic anhydride-co-acrylic acid) [P(NB/MA/AA)], the dissolution inhibition mechanism for two types of common additives in 193 nm resist formulations, tent-butylcarboxylate (e.g. tert-butyl cholate) dissolution inhibitors (DI) and onium salt photoacid generators (PAC's) were examined. For simple cholate ester derivatives, increasing interactions with maleic anhydride repeating units paralleled the dissolution inhibition (tent-butyllithocholate > tert-butyldeoxycholate > tertbutylcholate). For a wider range of cholate derivatives, increasing hydrophobicity as measured by log Pmt or the cloud point formation in water/acetone mixtures, is a good predictor of increased dissolution inhibition. Increases in dissolution promotion appeared to track with the number of carboxylic acid moieties and the hydrophobicity of carboxylic acid moieties released upon acidolytic cleavage of carboxylate esters. Finally, for onium salt PAC's, increasing the size of fluorinated anions decreased dissolution inhibition. This may be because these anions offer more steric hindrance, which disfavors interactions with the terpolymer matrix. The nature of this interaction may be that of a PAG with carboxylic acid as judged from modeling studies with acetic acid in which increasing strength of the interaction correlated with increased dissolution inhibition (triflate> nonaflate> perfluurooctanesulfonate)
1. Introduction A class of single layer 193 nm chemically amplified resists [1] first described by Bell Laboratories [2] [3] [4] , and subsequently developed under a joint agreement between Lucent and Arch Chemicals is based upon an alternating copolymer of norbornene (NB) and maleic anhydride (MA) which also contains a small proportion (8 to 20%) of a third component such as tent-butyl esters of acrylic acid (TBA) containing an acid cleaveable moiety. This paper explores the mechanism by which two different additives to this resist system, tert-butyl carboxylate dissolution inhibitors (DI's) and photoacid generators (PAC's) affect dissolution inhibition. For tent-butyl carboxylate DI additives there has been much interest in acid cleaveable cholate derivatives in which the cholates undergo acidolysis, and the free cholic acids act then as dissolution promoters. The prototype for this design albeit non-chemically amplified was some early work at Bell Laboratories on 2-nitrobenzyl cholates for use as dissolution inhibitors in aqueous base soluble resist systems [5, 6] . Later work by others applying this to chemically amplified resists relied upon the derivatization of the cholate moiety with acidolytically labile groups such at tertbutyl esters [7] [8] [9] . Recently, Bell Laboratories has described the use of monomeric cholate materials such as tent-butyl cholate along with describing the use of a new class of dimeric and oligomeric cholates in which multiple acid cleaveable groups are present on the same molecule [10,1 1 ] giving rise to high contrast. In this work we have measured dissolution inhibition factors for a wide variety of tent-butyl carboxylate DI's andd their corresponding free carboxylic acids in a Poly(norbornene-alt-malefic anhydride-co-acrylic acid) [P(NB/MA/AA)] resin and studied the relationship between dissolution inhibition factors and chemical structure. PAG's apart from their role as source of photoacid [1] may also act as dissolution inhibitors. Early work by Ito et al [12] showed that onium salt PAG's can act as powerful dissolution inhibitors. This fact coupled with the tendency of some PAC's to phase segregate in photoresist films [13] can give rise to aberrant line shapes. Consequently, understanding the relationship between structure and dissolution inhibition in PAC's may be crucial in fine tuning lithography. Consequently, the methodology used to study the tertbutyl carboxylate DI's was to study various perfluorinated onium salt PAC's. Our work on these two classes of resist additives indicates that the mechanism for dissolution inhibition is different for tent-butyl carboxylate esters and perfluorinated onium salt PAC's. 2. Results and Discussion 2.1 Mechanism for Dissolution Inhibition and Promotion in Poly(NBIMA/AA) Based Resins. To quantify the dissolution inhibition effect of tertbutyl carboxylate or onium salt materials, the inhibition factors of these was determined in a standard P(NB/MA/AA) resin containing 12.5 % of acrylic acid groups. This was done by first preparing resist films containing increasing quantities of these materials and measuring their dissolution rate (R) in 0.262 M aqueous tetramethylammonium hydroxide (TMAH). From this data, dissolution inhibition was measured using Meyerhofer plots [14] (i.e. log(R) vs. wt%) in which the dissolution inhibition factor (f) is derived from the slope (i.e. f =-100*slope). f values were found for a variety of additives including cholate esters, other tent-butyl carboxylates and onium salt PAC's. Dissolution inhibition factors determined in this manner were based upon wt%. Multiplying by the molecular wt (MW) gives the f factor adjusted for molarity. 2.1.1 Dissolution inhibition mechanism of cholate dissolution inhibitors. The tent-butyl carboxylates based upon cholate like structures are part of a wider group of compounds known as steroids. Steroids affect a great number of biological functions in very specific ways, which suggest that they are able to recognize the chemical and steric structure of various receptor sites in biological systems [15] . It is tempting to look for such a mechanism in the 193 nm resists. Consequently, the nature of different interactions in such systems was studied by Fourier transform infrared (FT-IR) spectroscopy. Different cholate DI's were evaluated in three polymer matrices P(NB/MA/AA) (norbornenemaleic anhydride-tent-butyl acrylate) [P(NB/MA/TBA] and poly(norborne-maleic anhydride) [P(NB/MA)]). These studies indicate that for a given class of cholate derivatives, with similar structures, the interactions that correlate best with the observed molarity adjusted f values are those of hydroxyl moieties with malefic anhydride (MA) repeat units (Fig 1) and not those of the carboxylic acid moiety as previously hypothesized [16] .
Generally speaking, the intensity of such interactions correlates with the availability of the hydroxyl moiety rather than with the number of hydroxyl groups available. For example, tert-butyl lithocholate possesses a hydroxyl group, which is relatively unhindered and can participate well in interactions. In tert-butyl cholate, the same hydroxyl moiety is less available due to intramolecular hydrogen bonding and although two other hydroxyl moieties are available, these are hindered in nature and also participate in intramolecular hydrogen bonding [16] . 2.1.2 Relationship between hydrophobicity and dissolution inhibition for tent-butyl carboxylates. The model involving interaction between the hydroxyl of the cholate DI's and maleic anhydride repeat units does not account for all the factors contributing to dissolution inhibition since other DI's having no hydroxyl whatsoever are capable of high degrees of dissolution inhibition. For example, the glutarate dimer of tent-butyl lithocholate has an f value of 7.4 despite the fact that this material has no hydroxyl moieties. Another class of materials in which this is true is tertbutyl esters of cyclohexanecarboxylic acids which have f values (2.6-5) higher than tent-butyl cholate (1.3). This suggested that a model in which hydrophobicity (i.e. as measured by p) [17] ) should also be considered. Simply plotting log Post versus f does not give a good correlation. However, such plots correlation (Fig 2) . This shows that hydrophobicity of a tert-butyl carboxylate is an important variable in determining the effectiveness of dissolution inhibition.
are normally done by comparing log Post to a rate constant or an equilibrium constant, which are measured by looking at moles of material rather than weights of material. Accordingly, log Post was plotted against the molarity-adjusted f and indeed, gave a good Another method that was used to evaluate DI's is to introduce water dropwise into a solution of the DI in acetone (0.01g/1 ml acetone) until the DI is no longer soluble. At that point, the drop caused cloudiness (solid formation) and was defined as the "cloud Assignment of DI's as follows: tent-Butyl cholate (1); tert-butyl deoxycholate (2); tent-butyl lithocholate (3); tert-butyl chenodeoxycholate (4); tent-butyl lithocholate glutarate dimer (5); tert-butyl cholate glutarate dimer (6); tert-butyl 1,4-cyclohexanedicarboxylate (7); tent-butyl 1,3-cyclohexanedicarboxylate (8); tent-butyl 1,3,5-cyclohexanetricarboxylate(9); tert- transforming the tent-butyl carboxylic ester additives to the corresponding carboxylic acids through acidolytic deprotection by photo-generated acid. In the alkaline TMAH developer solution these new carboxylic acid groups produce ion sites along with the initially present polymer bound AA moieties which both act as percolation sites. One would expect that the dissolution promotion ability for a given carboxylic acid as measured by f adjusted to molarity would tend to increase with the number of carboxylic acid moieties per molecule.
However, this appears to be true only when comparing carboxylic acids with similar structures. For instance, di (chol-3-yl) glutarate, which has two carboxyl groups per molecule, has a molarity-based f value about twice that of the monofunctional cholic acids (Table 1) . Similarly, 1,3,5-cyclohexanetricarboxylic acid is 1.5 times more powerful as a dissolution promoter than the two cyclohexanedicarboxylic acids (Table 1) . However, dissolution promotion is not tied strictly to the number of carboxyl moieties per molecule. For instance, 1,3,5-cyclohexanecarboxylic is only about half as efficient a dissolution promoter as di (chol-3-yl) increase with hydroxyl substitution may be tied to the ability of bile acids such as cholic acid to complex and disperse water-insoluble hydrophobic molecules [15] . Because many of the non-cholate tent-butyl carboxylates shown in table 2 have molecular weights smaller than typical cholate DI's, resist formulations having the same wt % loading of DI's may give rise to high of values despite the fact that the Af measured on a molar base is actually equal or smaller than that of comparable cholates. Because of this, the hydrophobic/hydrophilic switch in formulations containing equal wt% of some tent-butyl-carboxylates is often larger than that of the cholate derivatives. This is illustrated in Table 1 . Therefore, when comparing solutions containing equal wt % of different DI's (af) should be a measure of potential image contrast.
The usefulness of Af data obtained for the resist formulated with the P(NB/MA/AA) resin is that it appears to predict reasonably well the contrast potential observed when formulating these carboxylate DI's with other resins. For instance, 25 wt % formulations of different DI's in a P(NB/MA/TBA/AA) resin show maximum rates of dissolution in the exposed region ( Rmax) which agree reasonably well with the f of a carboxylic acid. In turn, contrast values agree reasonably well with the Of values ( . To examine the possibility that carboxylic acids generated by deprotection of the dissolution inhibitor could affect ring opening of maleic anhydride repeat units, we formulated a resist consisting of P(NB/MA), tertbutylcholate glutarate dimer and bis(tertbutylphenyl)iodonium triflate. This resist system however has a rather low contrast (4.5), is not capable of achieving resolution below 1 micron line and space patterns, and finally requires very long developments times (10-20 min). This development time is at least an order of magnitude longer than that found for resists formulated with P(NB/MA/AA) or P(NB/MA/AA/TBA). This indicates that if percolation occurs through carboxylic acid units formed by hydrolysis of maleic anhydride repeat units this process is not as efficient as the percolation mechanism occurring through non-hydrolytically formed carboxylic acid polymer moieties. However, since resist film of P(NB/MA) containing PAG fail to dissolve after exposure, this suggests that carboxylic acid formed by the cholate DI do play a role in achieving a faster hydrolysis of the anhydride repeat units. Thus, the maleic anhydride may be participating in to a small extent in the percolation process of resists based upon P(NB/MA/AA) or P(NBIMA/AA/TBA) by providing some additional latent sites for dissolution promotion albeit not in a terribly efficient fashion.
The Interaction of Resin Borne C02H Moieties with Cholate Based Dissolution Inhibitors.
A previous study [16] examining the level of interaction between -COZH polymer bound moieties and cholate DI's by -OH IR in a matrix of P(NB/MA/AA) found that AA moieties tend to interact more strongly in the order tert-butyl deoxycholate > tent-butyl cholate > tert-butyl lithocholate> tertbutylchenodeoxycholate = tent-butyl cholate glutarate dimer. The strength of this interaction is probably due to geometric considerations in which the carboxylic acid moieties which have both hydrogen bond donating and accepting sites is best disposed to interact with the deoxycholate moiety which has complementary sites which are free to interact (Fig 5) .
of the deoxycholate with acetic acid are the C12 (OH) and C25 (carboxyl lone pair). For the other cholate materials, the order of interaction can be explained as follows: While tent-butyl cholate has both of these sites available the C12 OH is already tied up with intramolecular hydrogen bonding. For tent-butyl lithocholate there is no C12 site to provide a bidentate interaction. This is also true for the glutarate dimer of tent-butyl cholate, and this material is potentially sterically crowded. For tent-butyl chenodeoxycholate the close approach of the C7 OH and the C25 carbonyl needed for bidentate complexation is impossible. When comparing the strength of CO2H judged from these FT-IR shifts with the dissolution inhibition factors that have been found for the cholate materials it is apparent that such interactions play no direct role in the dissolution inhibition mechanism. However, interactions of carboxylic acid moieties with the DI's appear to play a role in the ability of the matrix to accommodate large amounts of dissolution inhibitors. As can be seen in Fig 6A and B a larger amount of acrylic acid repeat units leads to better blendability as shown by the greater linearity between log(R) and the DI loading. The superior ability of deoxycholate to be solubilized in a polymer matrix containing carboxylic acid moieties may explain the higher contrasts we had previously observed with such materials [10, 11 ] .
Interaction of Photoacid Generators with
Carboxylic Acid Moieties. Perfluorinated alkylsulfonate opium salts are an important class of photoacid generators (PAG's) that release strong acid capable of effectively cleaving acid labile protecting groups. In consequence of this, these materials are of prime importance in microlithographic ..s.. The nature of the interaction was also studied by 13C nuclear magnetic resonance (NMR) spectroscopy ( established for a variety of PAC's in P(NB/MA/AA) (12.5 % AA) the same resin used to evaluate the tertbutylcarboxylates. These measurements showed that large differences in molar f could be seen when using PAC's of different structures bis(tertbutylphenyl)iodonium tresylate (molar f = 7.6); tris(tert-butylphenyl)perfluorooctane sulfonate (molar f=1.9).
As before, spectroscopic tools were used to investigate possible interactions of the additives with the matrix to see if these could contribute to the dissolution inhibition mechanism and explain these large differences in molar f. FT-IR spectroscopy of films containing different PAC's in either a P(NB/MA), P(NB/MA/TBA), P(NB/MA/AA) or P(NB/MA/TBA/AA) resin did not show any significant band shifts of anhydride or tertbutylcarboxylate moieties indicative of PAG interaction. Possible band shifts of carboxylic acid moieties due to PAG interactions could not be observed due to overlaps with the anhydride band. Consequently, a 13C-NMR spectroscopic experiment was done in which equimolar quantities of difference PAC's were mixed with half the molar amount of either acetic acid or dimethyl succinic anhydride Confirming the FT-IR results, the carbonyls of dimethyl succinic anhydride did not show any peak shifts indicative of association. However, all onium salt PAG's induced large upfield shifts (1.4-3.1 ppm) in the peak position for the carbonyl of acetic acid (177.3 ppm). By plotting the shifted peak positions versus the molar based f for the series of homologous perfluoroalkylsulfonate anions (i.e. triflate, nonaflate and perfluorooctanesulfonate) it is seen that both the bis(tert-butylphenyl) iodonium (r=0.97) and tris(tertbutylphenyl) sulfonium(r=0.96) show a good correlation of decreasing chemical shift with increasing molar f (Fig. 7) . The upfield shift observed in these experiments would be consistent with breaking apart of the acidic acid dimer by complex formation with another molecule. In the polymer matrix, this would mean that onium salts having smaller anions associate more strongly with carboxylic acid moieties.
Cloud point measurements done on PAC's.
Cloud points for the different PAC's were measured in the same manner as the tert-butyl carboxylates (videinfra) (Table 3 ). Fig. 8 shows a plot of cloud point adjusted for molarity versus the molarity adjusted f for perfluorinated onium salts indicating a good correlation (r=0.92) between increasing molar cloud point and decreasing molar f. Interestingly, this means that perfluorinated PAG materials with large hydrophobic anions give far less dissolution inhibition than PAC's with small perfluorinated anions. This is in contrast to the tent-butyl carboxylates in which large hydrophobicity gave good dissolution inhibition. Additionally, it appears that the interaction of PAC's with the matrix leading to high dissolution inhibition factors is very susceptible to steric constraints as seen in Fig 9 which shows a plot of sulfonate molar volume versus molar f. Since in the NMR experiments it was observed that onium salts with smaller anions tend to interact more strongly with carboxylic acids moieties this is a good indication that PAG carboxylic acid interactions are primarily responsible for dissolution inhibition for these PAG's. This mechanism of interaction with carboxylic acid matrices appears to only hold for onium salt PAG's, which have anions that are poor electron donors (e.g. BF4, CnF2nS03 C6F6S03 SbF6, etc The bis(tert-butylphenyl) iodonium nonaflate and triflate PAC's were prepared as previously described [2, 10, 11] . The bis(tert-butylphenyl) iodonium tresylate PAG was made by reaction of bis(tert-butylphenyl) iodonium chloride with silver tresylate. The tris(tertbutylphenyl) sulfonium PAG's were made either by either reaction of tris(tert-butylphenyl) sulfonium chloride or tris(tert-butylphenyl) sulfonium tetrafluoroborate with either the potassium or silver salts of the acid anion. Acid salts were either commercially available (triflate, nonaflate, perfluorooctanesulfonate) from Aldrich or Fluka or made by hydrolysis of the corresponding acid chloride removal of HCl and reaction of the crude acid with silver carbonate available from Aldrich in a manner similar to what has been previously described [21] . The Synthesis of 2,6-dinitrobenzylethoxycarbonyl) benzyl 1,3-benzenesulfonate was done as previously described [22] . 4.2 Dissolution Rate Monitoring Studies Formulation of resists based on P(NB/MA/AA) was done by blending with varying amounts of dissolution inhibitors as a 13 wt % solution in propyleneglycol methylether acetate. Processing of 193 nm test resists formulated with either P(NBJMA/TBA/AA): The wafers were spin coated with resist and baked at 150°C for 90 seconds. The spin speed was 2,000-3,000 rpm to get a nominal resist thickness' of 0.40-0.36 µm. The resist thickness was measured by a Nanospec AFT thickness gauge using a refractive index of 1.51. The dissolution rate experiments were done with a Perkin Elmer 5900 Development rate monitor interfaced with a DREAMS application version 3.OOD DRM software package. Development was done at 25°C with 0PD262 developer from Arch Chemicals. The Rmax experiments were done similarly by using a resist formulated with P(NB/MA/TBA/AA) containing 25 wt % of one of the DI's indicated in Table 2 and 2 wt % of tris(tertbutylphenyl) sulfonium nonaflate. A flood exposure of 100 mJ/cm2 at 193 nm was employed using a LPX 100 Lambda Physik excimer laser interfaced with a Karl Suss Contact printer. 4.3 General Spectroscopic Procedures: Films of polymer or dissolution inhibitor were spun onto NaCI disk from PGMEA were subsequently dried in vacuo at 60°C for 15 min. FT-IR spectra were obtained using a Nicolet Magna System 560. 13C-NMR spectra were obtained using a Bruker AM360 NMR spectrometer. Chemical shifts were referenced to either tetramethyl silane at 0.00 ppm or to the CDC13 triplet centered at 77.0 ppm. 5. References
